SUMMARY This paper proposes a method that uses bistatic MultipleInput Multiple-Output (MIMO) radar to locate living-bodies. In this method, directions of living-bodies are estimated by the MUltiple SIgnal Classification (MUSIC) method at the transmitter and receiver, where the Fourier transformed virtual Single-Input Multiple-Output (SIMO) channel matrix is used. Body location is taken as the intersection of the two directions. The proposal uses a single frequency and so has a great advantage over conventional methods that need a wide frequency band. Also, this method can be used in multipath-rich environments such as indoors. An experiment is performed in an indoor environment, and the MIMO channels yielded by various subject numbers and positions are measured. The result indicates that the proposed method can estimate multiple living-body locations with high accuracy, even in multipath environments.
Introduction
In recent years, the increase in the elderly living alone has become a key issue in several countries. Because of this, accidental falls and lonely death have become social problems, and calls for a safety confirmation system for the elderly are growing. The use of video cameras and electrocardiograms (ECG) are mentioned as the conventional approaches to safety confirmation [1] . However, the former has problems with privacy violation, the heavy burdens placed on the monitor, and its restriction to line-of-sight (LOS) situations. The latter is handicapped by the physical and mental burdens caused by continual and direct contact of the probe onmethod can detect vital signs even if the antenna and the living-body are widely separated (about 6.0 m). However, the location of the living-body cannot be estimated.
MIMO radar in the microwave band has been mentioned as a localization method [10] . However, localization methods for vital sign sources using MIMO radar have not been studied adequately. Furthermore, estimation accuracy is degraded in multi-path environments due to multi-path reflections when we use the radar in indoor environments. To solve this problem, Adib et al. proposed to estimate the location of living-bodies by using Frequency-Modulated Continuous-Wave (FMCW) radar containing multiple transmitting and receiving antennas [9] . In this method, the distance between antennas and targets is measured by estimating the round trip time-of-flight (TOF), and target locations are estimated by applying the relationship between this distance and multiple antenna locations. However, this method requires wide bandwidth, 1.79 GHz (from 5.46 GHz to 7.25 GHz) to obtain adequate distance resolution. Moreover, this method has the problem that propagation information in static environments is essential to eliminate unwanted components such as waves reflected from walls, non-living objects, and so on. Because of this, it is expected that estimation accuracy will be significantly degraded if the positions of furniture in the monitoring area are changed.
The authors have proposed a method of estimating living-body direction that uses a single frequency in multipath environments [11] . In actual multi-path environments, estimating living-body direction has been difficult because of the existence of unwanted components as described above. Our proposal uses the Fourier transformed channel matrix, which is observed by a Single-Input MultipleOutput (SIMO) radar, and the channel components altered by the living-body are extracted. Living-body direction is estimated by applying the MUltiple SIgnal Classification (MUSIC) method [12] to the extracted channel components. Using a single frequency for estimating living-body direction is superior to conventional localization methods that need wide frequency bandwidth. Though this method can estimate living-body direction even in an indoor environment, living-body location could not be determined since the distance between the antenna and living-body could not be estimated.
The authors also proposed a method of living-body localization using bistatic MIMO radar as an extension of the work [13] , [14] . The MIMO configuration can estimate Copyright c 2015 The Institute of Electronics, Information and Communication Engineers both Direction of Departure (DOD) and Direction of Arrival (DOA) at the same time. In this method, living-body directions are estimated at the transmitter and receiver, and living-body location is estimated as the intersection of these directions. When multiple targets exist, however, multiple living-body directions are estimated at the same time but incorrectly because false images are generated. Also, the transmitter and receiver directly face each other. With this antenna arrangement, no intersection can be found for a target standing directly between the transmitting and receiving antennas. The bistatic MIMO radar suitable for multiple living-bodies has been introduced by authors [15] , and some fundamental results have been shown. Nevertheless, the estimation performance was not sufficiently evaluated in [13] - [15] .
In this paper, a method that uses bistatic MIMO radar to localize multiple living-bodies is presented and evaluated. In this method, living-body directions at transmitting and receiving antennas are estimated by applying the MUSIC method to the fluctuating components extracted from virtual SIMO channels, and localization is performed by finding the intersection points of these two directions. Multiple target locations can be estimated through the use of the MUSIC method utilizing both DOD and DOA as functions. This method uses a single frequency, and static channels are not necessary. Moreover, the antennas are angled 45 degrees into the monitoring area to virtually eliminate dead zones. Experiments are carried out in an indoor environment to show the effectiveness of the proposed method. The results demonstrate that this method can estimate multiple living-body locations even in multi-path environments. Figure 1 shows the concept of the proposed method. This study uses bistatic MIMO radar with an N element linear array transmitter and an M element linear array receiver. θ T x and θ Rx are the living-body directions of target x at the trans- mitter and the receiver, respectively. Target x is located at the intersection of θ T x and θ Rx . θ T x and θ Rx are estimated by MUSIC method which is a DOA estimation method. However, in multi-path environments, localization is difficult because of unwanted paths such as the direct path, the waves scattered from walls, non-living objects, and so on.
Method of Estimating Living-Body Location
To realize localization, our method first excludes the unwanted components and observes only the fluctuating components created by human body motion. The principle of the method is reviewed below [15] .
In an indoor environment where there are L targets, the measured M×N time-variant MIMO channel is expressed as,
where, h mn is the complex channel response from transmitter n to receiver m, and t represents the time of channel observation. M×N bistatic MIMO radar can be considered as MN×1 virtual SIMO radar [10] . Here, the M×N MIMO channel matrix, which encompasses the target, is expressed as the MN×1 virtual SIMO channel. This is expressed as,
where, {·} T means transposition. While DOD and DOA can be estimated using this virtual SIMO channel, estimating living-body location is difficult because of the existence of unwanted path components. To solve this problem, this study calculates the frequency response matrix by Fourier transformation of the time-variant virtual SIMO channel as expressed by,
Using the frequency response matrix, the correlation matrix, R F , is expressed as,
where, {·} H means complex conjugate transposition and {·} represents the averaging operator. f 1 and f 2 delineate the frequency range that encompasses the vital sign effects. By eigenvalue decomposition, R F is expressed as,
where, U F and Λ F represent the eigenvector and the diagonal matrix representing eigenvalues, respectively. They are expressed as,
At this time, the eigenvalues, Λ F , are related as follows,
where, σ 
where, a t (θ T ) and a r (θ R ) are the steering vectors at the transmitting and receiving side and represent the plane wave from θ T and θ R directions, respectively. ⊗ represents the Kronecker product, λ represents wavelength, and d t and d r are the element spacing of transmitter and receiver, respectively. By utilizing the eigenvector corresponding to noise, U N , and the virtual MIMO steering vector, a(θ T , θ R ), the evaluation function of the MUSIC method (MUSIC spectrum) is calculated as,
This MUSIC spectrum reaches peak value when θ T and θ R correspond to living-body directions at transmitting and receiving antennas. Therefore, living-body directions at transmitting and receiving antennas, θ T 1 ∼ θ T L and θ R1 ∼ θ RL can be estimated by finding peak values of the MUSIC spectrum. Living-body locations can be estimated by finding the intersection of θ T x and θ Rx . Table 1 and Fig. 2 show measurement conditions and measurement system, respectively. In these measurements, a 4×4 bistatic MIMO configuration was used. As shown in Fig. 2(a) , Single-Pole 4 Throw (SP4T) switch was used at transmitting side. A continuous wave (CW) signal at 2.47125 GHz was used, and transmitted power at the antennas was set to 7.0 dBm. The CW signal is shared with the receiver side since accurate synchronization between transmitting and receiving sides is needed. At the receiver side, received signals are input to a down-converter unit by way of Low-Noise Amplifier (LNA) unit. The down-converted baseband signals (I 1 , Q 1 , ∼ I 4 , Q 4 ) are digitized by dataacquisition unit (DAQ) with a sampling frequency 12.5 kHz. However, the snapshot rate for MIMO channel is determined by the switching speed of SP4T. The transmitter and the receiver arrays consist of four horizontally arranged patch antennas with half wavelength element spacing. A photo of the array is shown in Fig. 2(b) . The thickness, width, and height of the transmitting and receiving antennas are 1.6, 255, and 62 mm, respectively. The patch antennas are formed on a PTFE substrate. The array's center was set to h = 1.0 m, the chest height of the subjects. The distance between transmitting and receiving antennas, D, was set to 4.0 m. The directions of the transmitting and receiving array are defined as, α T and α R , respectively. As an example, the directions of target 1 from the transmitting and receiving array are shown, too. Several situations with various numbers of subjects, locations of subjects, were tested. In each trial, the timevariant channels were measured for 50 second periods. The frequency range most strongly influenced by human heart rate runs from 0.6 to 3.3 Hz, while that most strongly influenced by human respiration runs from 0.33 to 0.5 Hz [16] . Also, body sway affects the lower frequency range. Because of this, in this study, f 1 and f 2 were set to 0.02 Hz and 3.3 Hz, respectively. In this approach, living-body location estimation is realized by eliminating the unwanted components and observing only the fluctuating components created by human body motion, heartbeat, and respiration. Note that the rate for taking a snapshot of the MIMO channel is 7.0 Hz, which is mainly determined by switching speed of the transmitting antennas. Even though the exact observation time is not same for all elements in MIMO channel matrix, the time differences in the elements are negligibly short compared to the speed of change in channel caused by living-bodies. Figure 3 shows the measurement environment. The experiment was carried out in a room containing desks and shelves. The room has concrete walls, and its width, depth, and height are 7.0, 6.0, and 2.7 m, respectively. On one side of the room, there are four windows. The time-variant channels were measured while targets were stationary at (X A1 , Y A1 )∼(X AL , Y AL ). Here, X Ax and Y Ax are the actual locations at which targets were standing. Subscript x represents target number. Also, target locations are labeled from No. 1 to No. 72. When the receiving antenna is located at the origin and the transmitting antenna is located at (D, 0),the location, (X Ax , Y Ax ), is transformed to the angular values by,
Measurement Conditions
where the condition, Y Ax ≥ 0, needs to be assumed.
As an evaluation criterion of the accuracy, the acceptable error distance is introduced in this study. Since the shoulder width of the subjects is about 0.5 m, 90-th percentile error under 0.5 m is considered as acceptable. Figure 4 shows the time variation of the Single-Input SingleOutput (SISO) channel measured with and without a target. When there was a single target, its standing position was No. 37. This SISO channel is the components of the first column of the virtual SIMO channel. This figure indicates that the MIMO channel with a living-body has large time variation compared to that without a living-body. It is found that the MIMO channel is greatly influenced by human body motion. When there was a single target, the standing position of a single target was No. 37. This figure indicates that the vital sign effects appear at low-frequencies. Accordingly, the fluctuating components from 0.02 to 3.3 Hz were extracted to observe the variation component influenced only by the vital signs. Moreover, it is found that the spectrum with living-body widely spreads. The major reason is body sway and respiration. They cause not only their vibration frequencies but also high-order spurious frequencies. Figure 6 shows an example of the localization result of the proposed method for a single target standing at position No. 11; i.e. (X A1 , Y A1 ) coordinates of (3.5 m, 1.5 m). As shown in this figure, the peak value of the MUSIC spectrum appears near the actual location of the target. In this case, the estimated location (X 1 , Y 1 ) coordinates were (3.56 m, 1.42 m), so location estimation error was 0.1 m. This result confirms that the living-body localization algorithm works even in multi-path environments. Figure 7 shows the localization results for a single target at each of the 72 measurement positions. In this figure, the diamonds and circles indicate estimated and actual locations of the target, respectively. This figure confirms that the estimated location lies close to the actual location of the target. Even though the maximum estimation error was 0.55 m, the most of the estimated locations are within acceptable error, i.e. 0.5 m. Therefore, living-body locations can be estimated with high accuracy regardless of target location if the number of target is one. Figure 8 shows the photo and results of the experiments, where localization accuracy was evaluated for 100 trials with two targets. The photo presents the location of the targets as well as the measurement system, which was explained in the previous section. The standing positions of target 1 and target 2 were No. 21 and No. 52, respectively. Their actual (X Ax , Y Ax ) coordinates were (3.0 m, 2.0 m) and (1.0 m, 2.5 m), respectively. As shown, the estimation error is small. Figure 9 shows localization accuracy results from 100 trials when three targets were present. The (X Ax , Y Ax ) coordinates of targets 1, 2 and 3 were (4.0 m, 2.0 m), (2.0 m, 2.0 m), and (0 m, 2.0 m), respectively. Clearly estimation accuracy is degraded compared to the two target case, but the results roughly indicate three target locations. It can be seen that the location error of target 1 is degraded seriously and this is because there is a concrete pillar just next to the target 1 as shown in Fig. 3 . It is supposed that this concrete pillar disturbs the reflected signal from target 1. Also, there are several spurious images that stray from the target locations. The main reason is supposed that the reflected signals from multiple targets are strongly correlated incidentally. This can be happened because this MIMO radar observes the Doppler components mainly caused by the respirations, where those behaviors of multiple subjects sometimes be- come similar. Figure 10 shows the Cumulative-Distribution-Function (CDF) of distance error for various numbers of targets. The CDF values shown were obtained by mixing the estimated error of multiple targets. We find that the 90-th percentile error was 0.14 m, 0.32 m, and 0.96 m for one-, two-, and threetarget cases, respectively. The error corresponding to three target case exceeds the acceptable accuracy, and the discussion about the accuracy degradation for this case was mentioned in the previous paragraph. It is found multiple living- body locations up to two targets can be estimated with acceptable accuracy, but the estimation error for three targets exceeds the acceptable accuracy. Nevertheless, it is considered the error can be reduced by increasing the observation period or number of the antennas. Though the 90-th percentile location error in [9] is about 0.5 m for the multiple targets up to five, our results are comparable if the number of the target is up to two. Also, it must be noted that we used CW whereas the work [9] uses 1.79 GHz bandwidth. Figure 11 shows the distance error with two targets separated by various distances. In this measurement, the loca- The results shown are the average values of the distance errors over 5 estimation trials. As shown, the distance error exceeds 1.0 m when the distance between the two targets is 0.5 m. This occurs because the two peaks in the MU-SIC spectrum overlap. However, the estimation accuracy improves a greater separation distances. The distance error held to under 0.5 m when the separation exceeds 1.5 m. Figure 12 shows an example of the localization results with two targets at various locations. As shown, the estimation accuracy falls when the two target directions are overlap as seen from the transmitting antenna. On the other hand, both target locations are well estimated when the two target directions do not overlap from either antenna. Figure 13 shows localization accuracy results with two targets at various locations. In this measurement, the MIMO channel was measured while changing the standing position of target 2 in the periphery of the measurement area; target 1 remained stationary at position No. 29. Also, the number of trials for each situation was set to four. In this figure, the circles indicate the cases whose the average value of the distance errors over 4 estimation trials were less than 1.0 m; the x-marks indicates cases with large estimation error. It is found that the proposed method is accurate for most combinations of two target locations. Figure 14 shows the CDF of distance error for various channel measurement periods. The two targets stood at positions No. 21 and No. 52. The channel measurement period was set to 1, 10, and 50 seconds. This figure confirms that the distance error at the 90% value of CDF was 2.1 m, 0.39 m, and 0.32 m for measurement periods of 1, 10, and 50 seconds, respectively. This is because the correlation among the reflected signals from multiple-targets cannot be calculated correctly if the observation period is not sufficient. That is, estimation accuracy is improved by increasing the channel measurement period. Figure 15 shows the CDF of distance error with various numbers of antenna elements (NoE). The single target stood at position No. 37. As shown in this figure, the distance error at the 90% value of CDF was 0.14 m, 0.25 m, and 1.1 m at NoE values of four, three and two, respectively. Clearly the estimation accuracy is degraded significantly when the number of antenna elements is two. This is because the number of eigenvectors used in the MUSIC spectrum is decreased by decreasing the number of antenna elements. Therefore, estimation accuracy is improved by increasing the number of antenna elements.
Results

Conclusion
This paper has proposed a method of estimating living-body locations by using bistatic MIMO radar in multi-path environments. Living-body direction at the transmitter and the receiver are estimated by applying MUSIC to the Dopplershifted channel created by movement of the living-body, and localization is performed by finding the intersection point of these two directions.
Experiments confirmed that the maximum estimation error of this method was 0.55 m for a single target standing in 72 measurement positions. Also, the estimation error at the 90% value of CDF for two and three targets was 0.32 m and 0.96 m, respectively. Furthermore, it was confirmed that the estimation error was held to less than 0.5 m when two targets are separated by more than 1.5 m. Moreover, it was found that the estimation accuracy was improved by increasing the channel measurement period and increasing the number of antenna elements. These results confirm that the proposed method can accurately estimate the locations of living-bodies even in multi-path environments.
